Actinomycetes, one of the major communities of the microbial population present in soil, can also be found inhabiting a wide diversity of ecological sources. We have explored the use of lichens as an alternative source for the isolation of novel actinomycetes. Lichens are symbiotic mixtures of fungi, green algae and/or cyanobacteria and whereas these symbiotic components have been extensively described, the microbial community inhabiting this niche has not been well characterized. We studied the diversity of the actinomycete population isolated from lichens collected in tropical areas from the Hawaii and Reunion islands and in cold areas from Alaska. The diversity of the microbial population was evaluated using fatty acid analysis and molecular fingerprinting. A PCR approach to screen the isolates for genes associated with secondary metabolite production was applied to evaluate the biosynthetic potential of these strains; profiles obtained for each isolate were compared to the antimicrobial activity exhibited by these isolates in laboratory conditions. Our results demonstrate that lichens represent an extremely rich reservoir for the isolation of a wide diversity of actinomycetes many of them representing still today a rich untapped source of secondary metabolites.
Introduction
Lichens are symbiotic associations of fungi, green algae and/or cyanobacteria with a wide variety of morphologies and worldwide distribution [1] . As pioneers of terrestrial habitats colonization they are found from arctic to tropical regions in a large diversity of environments developing among others on stones, arid soils, or as epiphytes on plants [2] . Although the symbiotic components of lichens have been extensively described together with their richness as producers of metabolites with biological activities [3, 4] little is known about the diversity of the microbial community inhabiting these environments. Several examples of lichen-inhabiting fungi in fruticose species or the presence of microbial biofilms in the interface of saxicolous lichens have shown the existence of a micro-habitat where a diversity of microbial interactions take place [5, 6] . Antarctic cold desert cryptolithic communities dominated by lichens have been one of the most extensively studied endolithic microbial associations. Their examination by molecular approaches has shown the extreme microbial diversity inhabiting this ecosystem, where distinct phylotypes of Actinobacteria have been described among others [7] . Moreover recent studies have described the isolation of different species of actinomycetes of the genus Micromonospora from this environment [8] .
On this background we have considered the study of lichens as an alternative source for the isolation of actinomycetes and to explore their diversity in samples from different environments. The actinomycetes represent a well known and extremely diverse group of Gram-positive, filamentous bacteria belonging to the order Actinomycetales. They are extensively distributed in soils and other terrestrial environments where they have shown to play an important ecological role in soil nutrient turnover. Most of the described strains are saprophytic and they present an ability to use almost any available nutrient source for their development. Although most ecological studies of actinomycetes have been mainly focused on their distribution in soils, mostly rhizospheres, actinomycetes have been described inhabiting all types of substrates in the most diverse ecosystems ranging from decomposing organic materials to living plants, fresh water and marine sediments and macroorganisms among others [9, 10] . Their extremely rich metabolism is very frequently accompanied by the production of secondary metabolites of extreme chemical diversity that have been suggested to play an important role in the maintenance, signaling and colonization of the microbial habitat [11] [12] [13] .
The characterization methods applied to wild-type actinomycete strains include a vast array of morphological, chemo-taxonomical and molecular fingerprinting methods [14] . Among the chemotaxonomic markers that can be studied, fatty acid composition is representative for most of the major genera of Actinomycetales and offers a rapid method for the analysis of the diversity of large groups of isolates [15, 16] . Molecular fingerprinting methods have focused on random amplification of repetitive sequences in microbial genes such as RAPD [17] , AFLP [18] , or REP-PCR [19] , the amplification of specific gene sequences such as rRNA genes [20] and tRNA genes [21, 22] or the analysis of restriction patterns of rDNA PCR products [23] . An alternative approach is the characterization of the strains based on the metabolic potential targeting on widespread genes involved in the production of bioactive compounds [24] [25] [26] . Modular polyketide synthases (PKS-I), iterative polyketide synthases (PKS-II) [27] and non-ribosomal peptide synthetases (NRPS) [28] have extensively been described as responsible for the synthesis of a broad range of structurally diverse secondary metabolites in actinomycetes. In less extent, actinomycetes are as well the source of aminoglycosides and isoprenoid compounds with different biological activities [29] . Moreover, PCR degenerate primers targeted to PKS-I, NRPS and PKS-II actinomycete sequences have been previously designed and validated, favoring a quick detection of these biosynthetic enzymes [24] . Similarly PCR primers targeting aminoglycoside phosphotransferase genes (APH) were used to detect resistance genes associated to these biosynthetic pathways [26] . In a different approach the occurrence of isoprenoid biosynthesis pathways in actinomycetes was studied with PCR primers designed for the 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMG CoA) [25] . For that reason, the combined data derived from the chemotaxonomic and molecular fingerprinting methods and the detection of biosynthetic systems such as PKS-I, PKS-II, NRPS, APH and HMG CoA have been applied to evaluate the diversity of this microbial community from a different perspective, in terms of the richness in these biosynthetic pathways.
We discuss the diversity of the wild-type actinomycete population isolated from lichens from three different types of environments studied and we evaluate the detection of biosynthetic genes sequences and the production of antimicrobial activities.
Materials and methods

Sampling
Lichen samples were collected in the islands of Sitka and Kodiak, Alaska and in tropical areas from Hawaii and Reunion islands (Table 1) .
Isolation of actinomycetes
Each lichen sample (300-500 mg), surface washed twice with sterile water, was homogenized with 30 ml of sterile water using a blender and serial dilutions were plated on selective actinomycete isolation media (soil extract agar, humic acid agar and glycerol asparagine agar) [30] amended with cycloheximide (80 lg/ml) and nalidixic acid (20 lg/ml) [31] . Alternatively, lichen samples were dry heated at 100°C for one hour before homogenization and plated as described above. Individual colonies were isolated and were grown at 28°C on YME agar medium (0.4% yeast extract, 1% malt extract, 0.4% glucose and 0.2% Bacto-agar).
Characterization of actinomycete isolates
Morphological identification
Actinomycetes were identified to the genus or family level after direct observation of the microscopic morphology (400· and 1000· magnification) of the vegetative and aerial mycelium developed upon growth on water agar [32] for 21 days at 28°C (Table 2) .
Analysis of fatty acid by gas chromatography
Cultures were grown as confluent patches on TSA (Trypticase Soy Broth BBL # 11768 30 g/l and agar 15 g/l) at 28°C for 4 days. Vegetative growth was then scraped (100-200 mg) and fatty acid methyl esters (FAMEs) were prepared using a modified sample preparation [33] . Analysis of FAMEs was carried out by cap- 
DNA extraction
Template DNA was recovered and purified as previously described [35] from actinomycete cultures grown in ATCC liquid medium (0.5% yeast extract, 0.3% beef extract, 0.5% peptone, 0.1% dextrose, 0.2% starch from potato, 0.1% CaCO3 and 0.5% NZamine E).
PCR fingerprinting with primers T5A/T3B
DNA preparations were used as template DNA for Taq polymerase. Primers T5A and T3B were used to amplify regions between adjacent tRNA genes [21, 36] . Reactions were performed in a final volume of 25 ll containing 0.2 mM each of the four dNTPs (Roche), 0.1 lM each primer, 5 ll extracted DNA (1/100 dilution) and 0.5 U Taq polymerase (Appligene) with its appropriate reaction buffer. Controls without bacterial DNA were included for each PCR experiment. Amplification reactions were performed in a MJ Research PTC-200 thermal cycler (30 cycles of 0.5 min at 94°C, 0.5 min at 50°C and 72°C for 2 min, followed by a final 10 min at 72°C). Amplification products were analyzed in 4-20% acrylamide gradient mini-gels (TBE Criterion gels 345-0060, Hercules, CA, Bio Rad).
Analysis of PCR fingerprints
Band patterns were compared with the Bionumerics software package ver. 3.5 (Applied Maths, Kortrijk, Belgium). A similarity matrix was generated using the Pearson product moment and cluster analysis was performed with the UPGMA method. [25] .
PCR amplifications with biosynthetic genes primers
DNA preparations were used as template DNA for Taq Polymerase. Reactions were performed in a final volume of 50 ll containing 0.4 lM of each primer, 0.2 mM of each of the four dNTPs (Roche), 5 ll of extracted DNA, 1 U Taq polymerase (Appligene) with its recommended reaction buffer and 10% of DMSO. NRPS, PKS-I and PKS-II amplifications were performed in a Peltier Thermal Cycler PTC-200, according to the following profile: 5 min at 95°C and 35 cycles of 30 s at 95°C, 2 min at 55°C for K1F/M6R, 58°C for KSa/KSb and 59°C for A3F/A7R, and 4 min at 72°C
, followed by 10 min at 72°C. The amplifications with primers STR-F/STR-R and HMGF/HMGF were performed as described [17, 18] . The amplification products were analyzed by electrophoresis in 1% (w/v) agarose gels stained with ethidium bromide.
Analysis of the antimicrobial activity of the isolates
The antimicrobial activity of the strains was evaluated by agar diffusion tests against the Gram-positive bacterium Staphylococcus aureus (MB5393), the Gramnegative bacterium Escherichia coli (MB4926) and the yeast Candida albicans (MY1012), all from the Merck Culture Collection [38] . The bacteria used for the tests were resistant to at least one known antimicrobial agent: S. aureus was methicillin resistant; E. coli was resistant to penicillin, cephalosporins and macrolides. Candida albicans was resistant to fluconazole and itraconazole [39] . The inoculum and assay plates for bacteria and yeast strains were prepared as previously described [40, 41] . Nine-mm agar-plugs of actinomycete strains grown in YME agar were applied to the surface of the assay plates seeded with the target microorganisms. Inhibition zones were measured after 24 h incubation at 28°C (yeast) or 37°C (bacteria).
Results
Strains isolated from lichens
The lichen samples used for the isolation of actinomycetes were collected in three different environments including two types of lichen communities: saxicolous lichens from Alaska, saxicolous and arboricolous lichens from Hawaii, and arboricolous lichens from tropical rainforests in Reunion Island. Actinomycetes were isolated from all the lichen samples tested and the number of isolates ranged from 1 to 45 strains per sample. The low number of strains (22 cultures) isolated from the 6 lichen samples from Alaska contrast the 315 cultures isolated from the 19 tropical lichens, including 147 isolates from 10 Hawaiian lichens and 168 from 9 Reunion Island samples ( Table 1) .
The most abundant genera were Micromonospora (40%) and Streptomyces (36%). No significative differences were observed in the relative frequencies of both major taxonomic groups in lichens when comparing the cold and tropical environments. Within tropical lichens, Micromonospora strains were isolated with similar frequencies from the different types of lichens whereas arboricolous lichens from Hawaii were richer in Streptomyces than saxicolous samples (Table 2) . A diverse range of other taxa of Actinomycetales were also isolated, including members tentatively assigned to the family Pseudonocardiaceae, especially from arboricolous lichens from Hawaii, and isolates of the genera Actinoplanes and Actinomadura (Table 2) . Furthermore, 44 isolates that did not sporulate in the laboratory conditions tested could not be assigned to any taxon from their micromorphology. Nevertheless 15 sterile strains were identified later on the basis of chemotaxonomic analysis. It is also noteworthy that some minor genera could only be isolated from lichens collected in Alaska (2 Rhodococcus spp.), in Hawaii (1 Saccharopolyspora sp. and 1 Geodermatophilus sp.) or in Reunion Island (1 Planobispora sp. and 1 Streptosporangium sp.).
Analysis of fatty acid patterns
To evaluate the diversity of the isolates within each taxonomic group, and confirm the preliminary identification of the isolates, we analyzed their fatty acid composition. As many as 214 strains could be studied as they did grow on TSBA, the reference medium used to standardize the cultivation prior to fatty acid extraction that does not ensure the growth of all the species in study. The final number of strains that could be analyzed was reduced to 91% of Streptomyces cultures, 50% of the Micromonosporaceae strains and 34% of the sterile mycelia. In contrast all members of the family Pseudonocardiaceae grew in this medium. Table 3 shows the fatty acid composition of major taxonomic groups identified that derives from two distinct biosynthetic pathways normally involved in the synthesis of saturated, unsaturated, and 10-methyl fatty acids and in the synthesis of terminally branched chain fatty acids of the iso and anteiso types [42] . In almost all the cases the fatty acid patterns confirmed the genus assignment of the strains identified on their micromorphology and it was also used to tentatively assign a taxonomic position to the Table 3 Fatty acid composition of major taxonomic groups isolated Taxonomic groups
Percentages of fatty acids octadecenoic acid (oleic acid); 10-methyl 18:0, 10-methyl octadecanoic acid (tuberculoesteraric acid); Summed feature, mixture of two fatty acids (2OH 15:0 iso, 2-hydroxy-14-methyl tetradecanoic acid and 16:1 x7t,trans-9 hexadecenoic acid) that cannot be resolved using the MIDI system chromatographic conditions. a Fatty acid types according to Kroppenstedt (1985) [42] . sterile strains that did not differentiate in the identification medium used. Streptomyces spp. are well characterized by the presence of large amounts of terminally branched iso and anteiso fatty acids, especially of the types 15:0 anteiso (10-52%) and 16:0 iso (2.5-40%), although the types 15:0 iso and 17:0 anteiso can also be found. The high content of oleic acid (12%) observed in one of the strains, a fatty acid not reported in Streptomyces, may reflect the presence within this group of an isolate of a genus morphologically related to Streptomyces.
Micromonosporaceae are rich in branched-chain fatty acids of the iso (15:0 iso and 16:0 iso) and anteiso types (17:0 anteiso), and in 10-methyl fatty acids (10-methyl 17:0), but they are also characterized by the presence of unsaturated (17:1 w8c) and saturated linear fatty acids (17:0).
Two different fatty acid patterns are observed among the isolates tentatively assigned to the family Pseudonocardiaceae. Whereas both groups are characterized by the presence of large amounts of iso and anteiso branched-chain fatty acids (15:0 iso and anteiso, 16:0 iso, and 17:0 anteiso), the largest group of strains is characterized by the presence of saturated linear chain fatty acids (15:0, 16:0 and 17:0), and possibly some amounts of 2OH15:0 iso, all of them absent in the second group of isolates richer in unsaturated fatty acids 16:1 iso H and 17:1 iso C ( Table 3) .
The strains of Rhodococcus rich in saturated fatty acid 16:0 are characterized by the presence of small amounts of tuberculoesteraric acid (10-methyl 18:0). These isolates also show a high content of a mixture of unsaturated fatty acids (16:1 x7t) and 2-hydroxy fatty acids (2OH 15:0 iso), not resolved in the chromatographic conditions used for the analysis.
Finally the strains of the genera Actinomadura and Streptosporangium present characteristic fatty acid patterns that include saturated and unsaturated straight chain fatty acids, terminally branched iso and anteiso species and 10-methyl fatty acids.
To evaluate the diversity of the strains a dendrogram was built on the basis of the fatty acid patterns of the 214 isolates and 18 clusters were outlined at a cut-off point of 85% similarity (Fig. 1) . One hundred Streptomyces strains and 12 sterile cultures with fatty acid compositions similar to those of Streptomyces were grouped in eight clusters (clusters 6-13) and four single-member clusters with Streptomyces-like unique profiles. Whereas most Streptomyces were grouped in clusters 10 and 12, strains from Hawaiian lichens were the most diverse with strains distributed in six of the eight clusters, although the larger group was included in cluster 10. On the contrary almost 80% of the Streptomyces from Reunion Island lichens were grouped in cluster 12. Two single member clusters presented a fatty acid composition that clearly differed from the rest of Streptomyces isolates. The strain from cluster 9 exhibited a high content of oleic acid (12%), a fatty acid not present in Streptomyces but normally occurring in Nocardiopsis. Nevertheless the lack of 10-methyl branched fatty acids of 17 and 18 carbon atoms and 17:0 anteiso fatty acids does not support the assignment of this isolate to this genus [43] . On the contrary the small amount of unsaturated 18:1 x9c (0.26%) and the presence of 17:0 anteiso and 10-methyl 18:0 fatty acids observed in the isolate from cluster 13 could suggest its assignment to the genus Nocardiopsis.
The 71 isolates of the family Micromonosporaceae studied included 5 sterile cultures assigned to this taxon and were grouped in four clusters (clusters 2-5), although most strains were included in major clusters 2 and 5. Again, we observed that strains were grouped in the dendrogram according to their origin. Strains from Reunion Island were mostly grouped in cluster 2 whereas those obtained from Hawaiian lichens predominate in cluster 5. According to what was observed in their fatty acid composition most of the strains of the family Pseudonocardiaceae isolated from tropical samples were grouped in a large cluster (cluster 1) suggesting a close taxonomic relationship among them. The presence of 2-hydroxy branched iso fatty acids, although not completely resolved in the analysis (Table 3) , and 10-methyl-branched iso fatty acids could suggest a tentative assignment of these strains to the genera Amycolatopsis or Saccharothrix [43] . A second group of four strains from this family were grouped in a separate branch with two closely related clusters: cluster 14 includes two Pseudonocardiaceae and one Pseudonocardia sp. from Alaska and cluster 15 a Saccharopolyspora sp. from Hawaii.
The last three clusters include seven strains. The Actinomadura sp. and the Streptosporangium sp. are grouped together in cluster 16. Cluster 17 includes a unique strain that exhibits a fatty acid pattern rich in saturated, unsaturated and methyl-branched fatty acids characteristic of Actinomadura. Finally, cluster 18 includes 2 Rhodococcus strains, and 2 sterile cultures, 3 of them isolated from Alaskan samples.
Diversity of isolates by DNA PCR fingerprinting
PCR fingerprinting with primers T5A/T3B targeting tRNA sequences was used to evaluate the diversity of lichen isolates within each of the taxonomic groups. Cluster analysis based on amplification patterns was performed with 212 isolates from the three major taxonomic groups, Pseudonocardiaceae, Micromonosporaceae, and the genus Streptomyces including in the three groups the sterile cultures associated to each of the taxonomic groups according to their fatty acid profiles.
The 25 isolates of the family Pseudonocardiaceae studied include a Pseudonocardia sp., a Saccharopolyspora sp., an Amycolatopsis sp., 19 isolates tentatively assigned to this family on their micromorphology and 6 sterile mycelia (Fig. 2) . After cluster analysis, strains were again clearly separated in three major branches corresponding to FAMEs cluster 1 and FAMEs clusters 14 and 15. Strains from FAMEs cluster 1 were distributed in three clusters (clusters 1, 2 and 3). Cluster 1 contained 17 of the 20 strains of FAMEs cluster 1 indicating a very close taxonomic relationship among these strains of tropical origin. Cluster 2 includes only two strains from Hawaii and the Reunion Island, and cluster 3 includes a sterile culture isolated from Reunion Island. Two Pseudonocardiaceae strains from Alaskan lichens (cluster 4) show identical fingerprints and must represent identical isolates.
The 63 Streptomyces and 6 sterile mycelia strains assigned to the genus Streptomyces were grouped in 31 clusters defined at a cut-off point of 80% similarity The group of Micromonosporaceae strains includes 110 Micromonospora spp., 4 Actinoplanes spp. and 5 sterile cultures. These 119 strains were grouped in 46 clusters outlined at a cut-off point of 80% similarity (Fig. 4) . Twenty-eight are single member clusters with strains of unique fingerprints and 18 cultures are grouped in 9 two-strain clusters. The remaining 86 strains were distributed in 15 clusters. Whereas the few isolates from Alaska are included in only two clusters, strains from Hawaii and from Reunion present a large diversity and, with the exception of 3 clusters with 34 strains from both geographical sources, the remaining strains from Hawaii and Reunion Island were grouped, respectively, in 17 and 25 different clusters.
Detection of biosynthetic gene sequences
The 337 strains were screened for the presence of NRPS, PKS-I, PKS-II, APH and HMG sequences by specific amplification of chromosomal DNA with the primers A3F/A7R, K1F/M6R, KSa/KSb, STRF/STRR and HMGF/HMGR, respectively (Table 4 ). In general, high frequencies of positive PCR amplification were obtained for PKS-I (62.6%), PKS-II (64.7%) and NRPS (58.5%) biosynthetic systems. On the contrary APH and HMG sequences were only detected in 10.7% and 3.5% of the strains tested, respectively. Although some differences in the detection rates were observed depending on the taxonomic group of the isolates, within the same taxon similar percentages were obtained in strains from different geographical origins. Surprisingly the highest detection rates were found among members of the family Pseudonocardiaceae where PKS-I, NRPS PKS-II and APH sequences were observed in 86.4%, 86.4%, 68.2% and 40.9% of the isolates, respectively, quite above the average detection rate of the actinomycete population studied. Interestingly HMG sequences were not detected in this group of strains. When the amplification patterns were analyzed in individual isolates from this taxonomic group, differences were observed even among strains belonging to the same PCR fingerprinting cluster (Fig. 2) . For Streptomyces the highest frequencies correspond to PKS-II sequences (71.2%) whereas PKS-I and NRPS were only detected in 48% and 37%, and APH and HMG sequences were found less abundant. As observed in Pseudonocardiaceae, the amplification patterns with these primers differed even for related strains included in the same Fig. 4 . Diversity of Micromonosporaceae by DNA PCR fingerprinting with primers T5A/T3B. Branches have been collapsed at 80% similarity. Cluster number is indicated at the side. The total number of strains and the number of strains according to their origin is described for each cluster. Table 4 Distribution of biosynthetic sequences in isolates from the different origins
Taxonomy
Total isolates
Alaska isolates PKS-I PKS-II NRPS STR HMG Hawaii isolates PKS-I PKS-II NRPS STR HMG Reunion island isolates PKS-I PKS-II NRPS STR HMG
Micromonosporaceae Other genera  18  2  2  2  2  2  0  15  15  10  15  5  0  1  1  1  1  1  0  Sterile cultures  3  0  -----0  -----3  3  1  3 2 0 Sterile cultures  29  0  -----7  1  5  4  1  0  22  14  13  15  1  0   Total  337  22  11  15  13  2  4  147  88  98  80  18  7  168  112  105  104  15  1  %  50  68  59  9  18  60  66  54  12  4.7  66  62  62  9  0.6 clusters (Fig. 3) . On the contrary strains of the genus Micromonospora where extremely rich in PKS-I, PKS-II and NRPS sequences (77%, 62% and 74%, respectively) whereas STR and HMG sequences were rarely found. Finally, in the case of the heterogeneous group of sterile cultures PKS-I, PKS-II, NRPS and APH sequences were detected with frequencies similar to the average levels obtained for the total population. Although no clear conclusions can be drawn for the rest of the taxa due to the small number of strains tested, it is interesting to note that at least one of the three major biosynthetic systems was detected in the case of the strains of the genera Actinoplanes, Planobispora, Pseudonocardia, Saccharopolyspora, Geodermatophilus and Rhodoccocus.
Evaluation of the antimicrobial activity
All the isolates were tested against a panel of two bacteria (S. aureus and E. coli) and a yeast (C. albicans) to evaluate their production of antimicrobial activities after cultivation in solid agar medium and 27% exhibited some antimicrobial activity (Table 5) . Antimicrobial activity was observed in half of the taxa included in the study and activities against S. aureus were clearly the most frequent (23%). Activity against E. coli was the least frequent (6.5%) while 10.7% of the strains were active against C. albicans.
Representatives from the different families and genera showed marked differences in their ability to produce antimicrobial activities (Table 5 ). The most productive group corresponded to representatives of the family Pseudonocardiaceae (77%), the group with the highest detection rate for genes associated with bioactive pathways (Fig. 2) . Streptomyces cultures showed a lower number of activities with 47% of strains displaying some antimicrobial activity to at least one of the test strains, contrasting with the 80% of the strains where at least one type of biosynthetic sequences was detected. Only 7 of the 135 Micromonospora strains, the most abundant taxon, exhibited some activity, not correlating the richness in biosynthetic sequences observed in this microbial group. Finally the activities observed among the minor taxa were very variable and, probably, not representative due to the small number of isolates. No activity was detected in the case of the strains of the genera Actinoplanes, Planobispora, Saccharopolyspora, Geodermatophilus, Nocardia and Rhodoccocus.
Discussion
In this study, we have explored the use of lichens as an alternative source for the isolation of Actinomycetales, and more specifically to species of filamentous bacteria of the invalid group of actinomycetes.
Our results have shown that the abundance and diversity of actinomycetes cultures isolated from lichens from tropical sources highly contrast that obtained from cold areas, not only in the total number of strains iso- lated but also in the higher number of different taxonomic groups identified. On the contrary this richness was not affected by the type of substrate where the lichen was collected, observing similar bacterial diversity in saxicolous and fruticose lichens. It is also worth to point out that some minor or rare genera could only be isolated from some of the lichen specimens. We have applied a polyphasic approach with chemotaxonomic markers and molecular tools of different taxonomic resolution to evaluate the diversity of this microbial community. Whereas analysis of fatty acid composition confirmed further most of the initial morphological genus assignments, cluster analysis of fatty acid profiles has allowed an initial rapid evaluation of the diversity of the microbial community in study. This method was applied as a valid complementary tool to assess the relatedness of the isolates within the major groups of strains as previously done in other studies [44] . This technique has allowed the detection of unique isolates possibly of the genera Nocardiopsis or Actinomadura frequently misidentified as Streptomyces and the identification of a group of strains morphologically related to the family Pseudonocardiaceae that according to their fatty acid composition could respond to the presence of a new group of strains from tropical lichens that will require further taxonomic characterization.
The PCR fingerprinting analysis derived from the amplification of tRNA genes sequences has permitted to obtain a deeper insight into the diversity at the strain level within each of the three major taxonomic groups in study. These data have confirmed again the presence of a distinct group of strains among isolates associated to the family Pseudonocardiaceae already identified by fatty acid analysis. In addition our results have shown not only the richness and diversity among the strains of the genus Streptomyces but as well in members of Micromonosporaceae where two distinct groups of strains have been clearly distinguished according to their geographical origin.
Finally we have explored within each of the strain clusters the biosynthetic amplification patterns observing that even within closely related strains important differences in the occurrence of metabolic genes can be used as an additional criterion for the identification of distinct isolates within groups of quite closely related strains.
The high detection levels of PKS-I, PKS-II and NRPS biosynthetic systems observed in our isolates confirm the large distribution of these sequences in this bacterial group as previously observed with reference strains and wild-type isolates. Our results with Streptomyces contrast those expected for such a productive group although the lower occurrence in wild-type strains has already been observed in previous studies when compared to enriched populations of reference known producers [24, 37] . Nevertheless the detection of NRPS in this Streptomyces population is extremely lower than that detected in other microbial groups tested with the same primers and therefore cannot be derived from the specificity of the primers.
The lower detection rates of APH and HMG sequences are in agreement with previous results in actinomycetes obtained from other environments and suggest that the limited distribution of these gene sequences could be as well extended to actinomycete groups in other environments [25, 26] . The occurrence of any of these biosynthetic sequences present in at least 80% of Streptomyces could not be directly related to the production of antimicrobial activities in this group. The most active cultures were found among isolates of the family Pseudonocardiaceae where the presence of biosynthetic systems could be related to the production of antimicrobial activities. The large distribution of NRPS sequences in members of the genus Micromonospora is in agreement with previous results obtained in other tropical isolates from the same genus [37] . Our isolates also outstand for the large distribution of PKS-I and PKS-II biosynthetic sequences. This richness could not be related with the production of activities at least in the limited production conditions tested.
Finally, our data support the idea that species of Actinomycetales isolated from lichens present a significant potential to produce bioactive compounds, in spite of the relatively low number of antimicrobial activities observed in some of the groups tested. Besides the limited cultivation conditions used for the production of activities that may influence the final outcome of the experiment and the use in our screening of high resistant strains against families of antibiotics, many of them produced naturally by actinomycetes, this absence of activity may also reflect the lack of expression of some of these biosynthetic systems in the test conditions used or their involvement in other biosynthetic processes not related with the production of antimicrobial compounds. The involvement of many of these systems in the biosynthesis of pigments, constitutive cell wall components or other secondary metabolites inactive as antimicrobials is already well known [45] [46] [47] . In any case the wide distribution of PKS and NRPS biosynthetic sequences highly contrast the limited detection of APH and HMG sequences. The occurrence of HMG CoA sequences exclusively in inactive strains suggests that these systems, and therefore the mevalonate pathway normally associated with the biosynthesis of isoprenoid compounds in actinomycetes, apparently are not being expressed in the conditions tested or are not involved in the production of bioactive compounds against the panel of strains used. Being present only in inactive strains is extremely interesting as one could also speculate that these strains may encounter limited competition thus not requiring the expression of these pathways, or about a possible contribution to the host symbiotic relationship. This would contrast the idea of these actinomycetes as mere saprophytic colonizers of the lichen substrate acting as reservoirs of biosynthetic pathways just transferred passively across members of this microbial niche.
These results open new questions regarding the limitations of the current approaches normally applied to assess the microbial diversity and exploit the extremely rich metabolic potential of a microbial community, such as that described inhabiting tropical lichen environments. With no doubt the use of a molecular metabolic fingerprinting approach would help to further determine the diversity of microbial strains from a given environment. Additional studies will be required to evaluate the real involvement of all these widespread biosynthetic systems in the production of bioactive compounds in the context of the microbial relationships established in the lichen environments.
